INTRODUCTION
============

The vestibular nuclear complex in the brainstem is composed of 4 major nuclei: superior, inferior, medial, and lateral. These nuclei are involved in the control of body balance and equilibrium by integrating various sensory information from semicircular canals, otolith organs, vestibulocerebellum, peripheral proprioceptors, and vision.[@B1]

The processing of sensory information in the vestibular nuclear complex is related to many neurotransmitters, such as glutamate from primary vestibular neurons, GABA from contralateral vestibular nuclei and vestibulocerebellum, and noradrenaline from locus coeruleus, glycine, and opioids.[@B2],[@B3] These transmitters regulate the vestibular reflexes by increasing or decreasing the neuronal excitabilities of vestibular nuclear neurons that fire spontaneously.[@B4],[@B5]

Podda et al reported two types of cyclic nucleotide-gated channels, the olfactory-type and the rod-type cyclic nucleotide-gated channels in medial vestibular nuclear neurons, which are found in olfactory sensory cells and rod photoreceptor cells, respectively.[@B6] Despite some reports on the existence of cyclic nucleotide-gated channels in the central nervous system, there are only a few reports concerning the effects of the cyclic nucleotide-gated channels on excitability in vestibular nuclear neurons. This study aimed to investigate the effects of 8-Br-cGMP by monitoring the changes in spontaneous firing patterns and potassium currents of medial vestibular nuclear neurons using patch-clamping experiments and the possible action of 8-Br-cGMP as a facilitating factor of vestibular compensation.

MATERIALS AND METHODS
=====================

1. Isolation of medial vestibular nuclear neurons
-------------------------------------------------

The Institutional Committee of Laboratory Animal Care and Use approved the experimental protocol. Coronal slices of the brainstem of Sprague-Dawley rats aged 14 to 17 days were prepared as described previously for rats.[@B7] Briefly, the animals were anesthetized with ether and decapitated. The brainstem was rapidly removed into ice-cold artificial cerebrospinal fluid. Coronal slices (400-µm-thick) of the brainstem were made with a sliding microtome (Vibroslice; WPI, Sarasota, FL, USA). The slices were incubated in artificial cerebrospinal fluid well saturated with 95% O~2~/5% CO~2~ at room temperature for 1 h. The slices were treated with pronase (0.2 mg/ml) for 40 to 60 min and subsequently exposed to thermolysin (0.2 mg/ml) for 10 min at 32℃. After the enzyme digestion, a portion of the medial vestibular nuclear neurons was removed by micropunching and gently agitated. The dissociated neurons were transferred into a recording chamber mounted on an inverted microscope (IX 70; Olympus, Tokyo, Japan).

2. Recording of membrane potentials and potassium currents
----------------------------------------------------------

The whole-cell membrane potentials were recorded at room temperature by using standard patch-clamp techniques. The patch pipette had a resistance of 3 to 6 MΩ when filled with a pipette solution. Membrane potentials were measured with an Axopatch 200B voltage-clamp amplifier (Axon Instrument, Foster City, CA, USA). Command pulses were applied by using an IBM-compatible computer and pCLAMP 7 software (Axon Instrument). The data were filtered at 5 kHz and displayed on an oscilloscope (Tektronik, Wilsonville, OR, USA), a computer monitor, and a pen recorder (Grass Polygraph, Quincy, MA, USA).

The artificial cerebrospinal fluid had the following composition (mM): NaCl 124, KCl 5, KH~2~PO~4~ 1.2, MgSO~4~ 1.3, CaCl~2~ 2.4, D-glucose 10, NaHCO~3~ 24. The external solution for recordings had the following composition in mM: NaCl 124, KCl 5, MgSO~4~ 1.3, NaHCO~3~ 26, CaCl~2~ 2, NaH~2~PO~4~ 1, glucose 11 (pH 7.4 with KOH). The internal solution (the patch pipette solution) had the following composition in mM: K-gluconate 122.5, KCl 17.5, NaCl 8, HEPES 10, EGTA 0.5, Mg-ATP 4 (pH 7.3 with KOH).

The drugs were made from stock solutions that were made up in distilled water and diluted to the desired concentration in external solution. The drugs were applied to the medial vestibular nuclear cells by switching the perfusion inlet tube to the bath chamber. They were purchased from Sigma Chemical Co. (St. Louis, MO, USA). The average firing rate and membrane potential were calculated in recordings over 10 minutes. The resting membrane potential was measured at the lowest point of the rising phase of the spike. The afterhyperpolarization amplitude of the action potential was measured as the difference in membrane potential between the spike threshold and the minimum post-falling phase of the spike.

3. Statistical analysis
-----------------------

All values were expressed as mean±S.E.M. The one-way ANOVA test (Bonferroni post hoc comparison) was used to analyze the differences between groups, with p\<0.05 being considered significant.

RESULTS
=======

1. Effects of 8-Br-cGMP on the spontaneous action potential of medial vestibular nuclear neurons
------------------------------------------------------------------------------------------------

Current clamp mode whole-cell patch clamp recordings were performed on the medial vestibular nuclear neurons to investigate direct effects of 8-Br-cGMP on the spontaneous activity of the medial vestibular nuclear neurons. Medial vestibular nuclear neurons isolated from rat brainstem have round or pyramidal shaped cell bodies. When the command current was fixed to 0 nA, the neurons revealed spontaneous firing action potentials, a typical electrical characteristic of medial vestibular nuclear neurons, ranging from 3.5 to 5 spikes/s.

The medial vestibular nuclear neurons (n=12) responding to 8-Br-cGMP revealed a uniform pattern response. Three medial vestibular nuclear neurons did not respond to 8-Br-cGMP. The spike frequency was increased from 3.91±0.21 spikes/s to 5.47±0.79 spikes/s (p\<0.05) and 6.81±0.36 spikes/s (p\<0.05) by 1 µM and 5 µM 8-Br-cGMP, respectively. The resting membrane potential was increased from -42.23±0.31 mV to -41.02±0.12 mV and -40.01±0.43 mV by 1 µM and 5 µM 8-Br-cGMP, respectively. The depth of after-hyperpolarization was decreased to 11.11±0.21 mV and 9.12±0.32 mV (p\<0.05) from 11.87±0.23 mV by 1 and 5 µM CGS-12066A, respectively ([Fig. 1](#F1){ref-type="fig"}).

2. Effects of 8-Br-cGMP on the whole potassium currents of medial vestibular nuclear neurons
--------------------------------------------------------------------------------------------

To explore which currents are related to the modification of spontaneous firing action potentials of the medial vestibular nuclear neurons by 8-Br-cGMP, changes in outward potassium currents by 8-Br-cGMP were studied under the voltage clamp mode. The potassium currents were activated by 400-ms test pulses from -60 to +40 mV in 10-mV increments from a holding potential of -70 mV.

The 8-Br-cGMP at concentrations of 1 µM and 5 µM applied to the bath decreased the potassium currents of the 12 cells tested and did not change the potassium currents of 1 cell. The mean peak current of the medial vestibular nuclear neurons was 2723±037 pA in the control. The potassium currents of the vestibular nuclear neurons treated with 8-Br-cGMP were decreased to 2,231±123 pA (p\<0.05) and 1,321±099 pA (p\<0.05) by 1 and 5 µM 8-Br-cGMP, respectively ([Fig. 2](#F2){ref-type="fig"}).

3. Effects of 8-Br-cGMP on the tetraethylammonium-treated potassium currents in medial vestibular nuclear neurons
-----------------------------------------------------------------------------------------------------------------

Medial vestibular nuclear neurons are known to possess A-type potassium currents, delayed rectifier potassium currents, and calcium-dependent potassium currents. To identify the potassium currents affected by 8-Br-cGMP, we blocked the calcium-dependent potassium currents and tested the effects of 8-Br-cGMP. For blocking the calcium-dependent potassium currents, 0.1 mM tetraethylammonium was used. After blockade of the calcium-dependent potassium currents, the peak current of the medial vestibular nuclear neurons (n=20) was reduced to 1241±321 pA (p\<0.05) from 1931±214 pA, and 8-Br-cGMP did not affect the outward potassium currents (1211±721 pA) ([Fig. 3](#F3){ref-type="fig"}).

DISCUSSION
==========

Cyclic nucleotides are known to be major secondary messengers in neuronal cells and they act on cyclic nucleotide-gated channels directly or via activation of protein kinase. Cyclic nucleotide-gated channels (CNG) activated by ligands are heterodimers composed of alpha and beta subunits and were first identified in rod cells (CNG1), olfactory receptors (CNG2), and cone cells (CNG3).[@B8]-[@B12] Cyclic nucleotide-gated channels are distributed widely in brain, especially the hippocampus, cerebral cortex, and cerebellum. Among the cyclic nucleotide-gated channels, cyclic nucleotide-gated channel l and channel 3 are activated by cGMP, whereas channel 2 is activated by cAMP and cGMP with the same affinity.[@B13],[@B14]

In the present study, we performed a whole-cell patch clamp to explore cGMP receptor-mediated effects on acutely isolated rat medial vestibular nuclear neurons without neuronal connections with the other structures in central nervous system. 8-Br-cGMP depolarized the medial vestibular nuclear neurons and increased the spike frequency. It inhibited whole potassium currents, and after blockade of calcium-dependent potassium currents by tetraethylammonium, 8-Br-cGMP did not inhibit the potassium currents. These findings suggest that 8-Br-cGMP affects the neuronal activity of the medial vestibular nuclear neurons through calcium-dependent potassium channels.

Potassium channels play an important role in regulating membrane potential and cell excitability by modifying action potential and firing rates.[@B13] Generally, the closure of potassium channels causes depolarization, which increases cell excitability, and the opening of potassium channels produces hyperpolarization, which decreases the excitability.[@B14] Two types of calcium-dependent potassium channels are identified in neuronal cells: SKca and BKca. Activation of BKca channels contributes to action potential repolarization, and activation of SKca channels underlies the after-hyperpolarization.[@B15] As shown in this study, 8-Br-cGMP modified the afterhyperpolarization of medial vestibular nuclear neurons, which is similar to the effects of apamine, a blocker of calcium-dependent potassium currents.[@B16]

Vestibular compensation is a process of partial behavioral recovery that occurs following lesions to the vestibular inner ear.[@B17] After unilateral labyrinthectomy, the resting activity in the ipsilateral vestibular nucleus complex markedly decreases, resulting in an imbalance in neuronal activity between the ipsilateral and contralateral vestibular nucleus complexes.[@B18] This imbalance causes severe postural and oculomotor disturbances. Despite permanent loss of the ipsilateral vestibular peripheral inputs, many but not all of these symptoms gradually disappear along with the recovery of resting activity in the ipsilateral medial vestibular nuclear neurons.[@B19]

The medial vestibular nucleus is the largest among the vestibular nuclei, where major post-lesional changes occur with the vestibulocerebellum after unilateral labyrinthectomy.[@B20] In the present study, 8-Br-cGMP increased the neuronal excitability of medial vestibular nuclear neurons. Therefore, 8-Br-cGMP may be a good candidate for recovery of the decreased activity of the ipsilateral medial vestibular nucleus by increasing the neuronal excitability of medial vestibular nuclear neurons, which facilitates vestibular compensation.
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![Excitatory effects of 8-Br-cGMP on spontaneous activity of rat medial vestibular nuclear neurons. 8-Br-cGMP increased the firing rate and decreased the membrane potential and the amplitude of afterhyperpolarization.](cmj-47-155-g001){#F1}

![Effects of 8-Br-cGMP on the outward potassium currents in medial vestibular nuclear neurons. In each panel, the cell was held at -70 mV and test depolarizations with durations of 400 ms were applied from -60 mV to +40 mV in 10-mV increments. The 8-Br-cGMP decreased the outward potassium currents in a dose-dependent manner.](cmj-47-155-g002){#F2}

![Effects of 8-Br-cGMP on the tetraethylammonium-treated potassium currents. The 8-Br-cGMP did not change the TEA-treated potassium currents of rat medial vestibular nuclear neurons.](cmj-47-155-g003){#F3}
